The repair of chromosomal double-strand breaks (DSBs) is essential to normal cell growth, and homologous recombination is a universal process for DSB repair. We explored DSB repair mechanisms in the yeast Saccharomyces cerevisiae using single-strand oligonucleotides with homology to both sides of a DSB. Oligonucleotide-directed repair occurred exclusively via Rad52-and Rad59-mediated single-strand annealing (SSA). Even the SSA domain of human Rad52 provided partial complementation for a null rad52 mutation. The repair did not involve Rad51-driven strand invasion, and moreover the suppression of strand invasion increased repair with oligonucleotides. A DSB was shown to activate targeting by oligonucleotides homologous to only one side of the break at large distances (at least 20 kb) from the break in a strand-biased manner, suggesting extensive 5 to 3 resection, followed by the restoration of resected DNA to the double-strand state. We conclude that long resected chromosomal DSB ends are repaired by a single-strand DNA oligonucleotide through two rounds of annealing. The repair by single-strand DNA can be conservative and may allow for accurate restoration of chromosomal DNAs with closely spaced DSBs.
DNA double-strand breaks (DSBs) are common mediators of genetic change in all organisms and can lead to mutations, recombination, chromosome aberrations, and cell death. Repair in eukaryotes can occur by recombination between homologous DNAs and by end joining (29, 30) . To directly address DSB repair mechanisms, many cellular studies have focused on the repair of enzymatically induced single DSBs or the repair of transfected broken plasmids (2, 13, 18, 30) .
The repair of a DSB via nonhomologous end joining (NHEJ) involves little or no homology and is often mutagenic because of the misalignment of overhanging ends paired at microhomologies (14) . NHEJ can also generate gross rearrangements by joining the wrong DSB ends (reference 11 and references therein).
There are two ways of establishing the interaction between two recombining DNA sequences in homologous recombination (HR): strand invasion and single-strand annealing (SSA) (2, 29, 44) . Intrinsic to all HR mechanisms for DSB repair is 5Ј to 3Ј end resection that in the yeast Saccharomyces cerevisiae can extend many kilobases from the DSB ends. The retained 3Ј ends of a DSB can prime DNA synthesis or serve as a template. If both ends "invade" an unbroken homologous sequence, the resulting repair enables chromosome integrity to be maintained. An invasion by only one of the 3Ј ends and the subsequent replication (break-induced replication) could lead to chromosome aberrations, including chromosome rearrangements and/or loss of heterozygosity.
SSA enables DSB repair by a less complex mechanism of recombination since it does not require three-strand interaction such as that involved in strand invasion. Following resection, repeat DNAs that flank a DSB can be simply annealed. Repair is completed through the subsequent removal of nonhomologous tails, DNA synthesis to fill any single-strand gaps, and ligation. SSA is considered to be a nonconservative mechanism of HR since the intervening sequence between repeats is eliminated, generating a deletion, while the strand invasion mechanism is considered conservative (error free) (44) . In cells with many long DNA repeats, such as human cells, where more than 50% of the genome is repeated sequence (17) , the SSA mechanism could be an important source of genome change.
DSB-induced SSA between defined direct repeats has been characterized in yeast as well as in bacteria, plant cells, Xenopus laevis oocytes, and mammalian cells (3, 11, 20, 24, 33, 36, 45) . As shown in yeast and in mammalian cells, SSA is a mechanism that can compete efficiently with the strand invasion mechanism for the repair of a DSB (19, 36, 47) . Unlike the strand invasion mechanism, SSA does not require Rad51, while both mechanisms require the Rad52 protein. Rad52 can anneal single-strand DNAs (ssDNAs), and it mediates the loading of Rad51 onto ssDNAs for strand invasion (29) .
The substrates for SSA are regions of ssDNA that are commonly found in cells as intermediates in many DNA repair processes. ssDNA is generated as a consequence of 5Ј to 3Ј resection of DSB ends (29) . Replication fork collapse can also lead to long ssDNA regions (for details, see reference 23).
Given the many possibilities for DSB induction in cells as well as the frequent appearance of ssDNA and the potential for genomic change, it is important to understand the mechanisms by which ssDNA can initiate or participate in DNA recombination and DSB repair. Recently, we reported that ssDNA presented to a cell as oligonucleotides with homology to regions that are near or distant from the two sides of a chromosomal DSB can efficiently repair the break (37) . Because there was a requirement for Rad52 protein and for homology between the DNAs, we concluded that the repair relied on homologous recombination. However, the molecular mechanism of this novel form of repair was unclear. We establish here that the repair can be accomplished through SSA of the oligonucleotide with resected ends and does not involve strand invasion, even when homologous regions are many kilobases away from a DSB. Furthermore, we found that the DSB activates recombination at distant sites and stimulates oligonucleotide targeting to just one side of the break in a strand-biased manner. Based on our findings, we conclude that ssDNA can patch a DSB through two strand-annealing events. This mechanism can explain the accurate repair of closely opposed DSBs (i.e., in clusters) in homologous DNAs where strand invasion repair cannot be utilized.
Genetic methods and standard media were described previously (reference 37 and references therein).
DSB induction and targeting with oligonucleotides. DSB induction and targeting with oligonucleotides were performed as previously described (37, 40) . Briefly, 1.5 ml of an overnight culture grown in rich YPDA medium was transferred into 50 ml of synthetic complete medium containing 2% galactose and incubated with vigorous shaking at 30°C for 4 h (7 h for experiments involving oligonucleotide targeting to the side of a DSB) (see Fig. 3 ) to express GAL1-ISceI and induce a DSB. After incubation in galactose, cells were prepared for transformation. Transformation was done with 1 nmol of total oligonucleotides. Oligonucleotides (integrative recombinant oligonucleotides [IROs]) used to repair the I-SceI DSBs and inverted repeat DSB and to integrate the 31-bp insert in TRP5 are described in Table 1 .
Cells from each oligonucleotide transformation were diluted appropriately and spread directly to selective glucose Trp Ϫ or Lys Ϫ plates or to YPDA. To select for colonies that had lost the CORE markers, the YPDA plates were replica plated to 5-fluoroorotic acid medium after the first day of incubation. After 3 days, colonies from 5-fluoroorotic acid were replica plated to YPDA and YPDA containing hygromycin and on Trp Ϫ plates if applicable. Cells from oligonucleotide transformations done in the presence of plasmid overexpressing yeast and human truncated Rad52 proteins were diluted appropriately and plated to YPGal medium containing nourseothricin in order to maintain expression of the rad52 allele and selection for the plasmid. After 3 days, the cells were replica plated to Trp Ϫ plates to select for the oligonucleotide repair events.
Analysis of I-SceI-induced chromosomal DSBs. The chromosomal DNA from cells collected after I-SceI induction in galactose was embedded in agarose plugs using a CHEF genomic DNA plug kit from Bio-Rad (ϳ10 8 cells/ml of plug) according to the manufacturer's instructions. Chromosomal DNA was separated by transverse alternating field electrophoresis in a Gene Line II apparatus from Beckman. Intact chromosome VII, along with DSB fragments, was detected by Southern blot hybridization with a 32 P-labeled, 300-bp ARO1-specific probe (for the left arm of chromosome VII) and a 300-bp RTS3-specific probe (for the right arm of chromosome VII). The amounts of unbroken chromosome VII and broken fragments were determined using a Molecular Dynamics PhosphorImager. The quantization of the broken chromosomal bands was carried out with the ImageQuant program.
RESULTS
DSB repair by a single-strand oligonucleotide occurs via SSA. Previously, we demonstrated that a ssDNA oligonucleotide can repair a DSB induced in yeast by the site-specific I-SceI endonuclease or a spontaneous DSB generated at the site of an IR composed of human Alu sequences (37) . In the wild-type yeast strain, the frequencies of oligonucleotide-targeting events after DSB induction exceeded the frequencies of transformation in cells without a DSB ϳ5,000-fold for the I-SceI-induced break and 30-fold for the IR-induced break (37) (data not shown). Therefore, the vast majority of transformation events corresponded to the repair of a DSB by single-strand oligonucleotides. Here we investigated the genetic requirements in order to identify the processes involved in the repair of these two different types of DSBs by ssDNA.
For this purpose, we constructed the haploid Saccharomyces cerevisiae strain FRO-1 in which both types of DSBs could be generated. This strain contains the self-generating DSB cassette "CORE-I-SceI" (37) composed of I-SceI endonuclease under the inducible GAL1 promoter, along with the I-SceI target scission site, integrated into the TRP5 locus (Fig. 1A) . As shown in Fig. 1B, 26 to 38% of the DNA is cut within 4 h of induction in synthetic complete medium containing 2% galactose. The FRO-1 strain also contains the previously described Alu-IR (22, 37) , which is located in the middle of the LYS2 gene. In strains of the same background, this IR leads to a spontaneous, hairpin-capped DSB in ϳ2% of the cells (22) 7646 STORICI ET AL. MOL. CELL. BIOL.
( Fig. 1C) . A series of isogenic strains with deletions in DNA repair and recombination genes was also developed from FRO-1. Following galactose induction, the various strains were transformed with single-strand oligonucleotides (Table 1) designed to repair either the I-SceI break (e and/or f) or the spontaneous IR break (w and/or c), as described for Fig. 1A and C. Cells were selected either for loss of the CORE-I-SceI The first group of oligonucleotides comprises primers used to amplify the CORE-I-SceI cassette, containing 50 nucleotides used for the homologous targeting and 20 bases used for the amplification from the KlURA3 side (single underlines) or 18 bases containing the I-SceI site (bold) and 20 bases used for the amplification from the GAL1-I-SceI side (double underlines). Primers TRP5.IIr and TRP5.SIr were used to integrate the CORE-I-SceI cassette, together with a complete I-SceI site (HOT site) at the TRP5 locus; primer TRP5.1/2SIr was used in combination with TRP5.IIr to insert the CORE-I-SceI cassette, together with a truncated, nonfunctional I-SceI site (COLD site, bold) at the TRP5 locus. Primers 6KbUP.II, 6KbUP.IS, 10KbUP.II, and 10KbDW.IS were used to integrate the CORE-I-SceI cassette 6, 10, and 20 kb upstream and 10 kb downstream, respectively, from the TRP5 locus.
b The second group of oligonucleotides comprises the IROs used in this study. Oligonucleotides e and f target the TRP5 gene by introducing a silent mutation that generates a BamHI site; w and c target the LYS2 gene by introducing a silent mutation that generates an AvaII site. Oligonucleotide e1.INS31 was used to target a 31-bp frameshift insertion (bold) in the TRP5 gene. Oligonucleotides of the series R1 and R2 delete the CORE-I-SceI cassette and repair a DSB generated at 6, 10, and 20 kb upstream or 10 kb downstream from the 31-bp insert in TRP5. The parallel vertical lines (ሻ) separate the two homologous tails of each IRO. When present, the new point mutation that is introduced is indicated in bold, and the resulting restriction site is underlined (BamHI or AvaII).
VOL. 26, 2006 DSB REPAIR WITH SINGLE-STRAND DNA 7647 cassette (Trp ϩ ) or for deletion of the Alu-IRs (Lys ϩ ). The repair of both kinds of DSBs by single-strand oligonucleotides required the Rad52 protein (Table 2 ) (also see reference 37 for details of the repair of the I-SceI break). The deletion of RAD59, a RAD52 homolog, also greatly reduced repair. However, a small number of repair events (Ͻ0.1%) occurred independently from RAD52 ( Table 2) .
Rad52 is essential for both strand invasion and strand annealing (44) and is implicated in end joining between DSBs with complementary single-strand ends longer than eight bases (9) . There was no detectable effect on DSB repair of mutations in the NHEJ genes YKU70 and LIG4 (Table 3) , consistent with the view that nearly all single-strand oligonucleotide repair of a DSB is mediated through Rad52-dependent homologous recombination. Therefore, we investigated the role of genes specific for the genetic control of strand invasion. The Rad51 protein, like RecA of E. coli, is the recombinase that mediates strand invasion by ssDNA. The deletion of RAD51 as well as other genes involved in this mechanism (RAD55, RAD57, RAD54, and RDH54) did not reduce repair efficiency. In fact, targeting was increased as much as fivefold (Table 2) , which is similar to what has been observed for direct repeat recombination (25) . This increase appears to be due to sister chromatid competition for DSB repair (see below). The strong reduction in repair of the I-SceI break observed in rad52 and rad59 mutants and the increased frequency of DSB repair observed in the rad51 strain were not attributable to differences in DSB formation (Fig. 1B) . Survival after transformation was ϳ30 to 40% with or without oligonucleotides for the wild type and was not changed in any mutant tested.
To further address the role of SSA versus strand invasion, rad52-327 and rad52-408 mutants with C-terminal truncations were examined. These mutants retain single-strand annealing function but are unable to recruit Rad51 to ssDNA (16, 26, 46) . Both mutants were highly sensitive to gamma radiation in manners similar to that of a rad52-null strain, while their sensitivities to methyl methane sulfonate were intermediate between the wild-type and rad52-null strains (not shown) in manners similar to those of other C-terminal deletion mutants of RAD52 (1, 5, 46) . As shown in Table 2 , the efficiency of DSB repair by ssDNA in the rad52-327 and rad52-408 mutants was increased to levels comparable to those found in mutants of the Rad51 strand invasion mechanism. Thus, the primary pathway for single-strand oligonucleotide repair of a DSB occurs via the SSA function of Rad52.
Since large DNA regions must be lost in order to generate the Trp ϩ and Lys ϩ recombinants ( Fig. 1A and C), we examined the roles of the RAD1, RAD10, MSH2, and MSH3 genes, which normally cleave the nonhomologous tails formed during HR (for details, see reference 29) (Table 3 ). While the impact was much smaller than that for the rad52 mutants, the ⌬rad1 and ⌬rad10 mutants reduced the repair of I-SceI and IR breaks by single-strand oligonucleotides up to fivefold. The ⌬msh2 and ⌬msh3 mutants affected only repair of the IR break. Partial dependence on Rad1/Rad10 and Msh2/Msh3 clippase is in agreement with the existence of alternative pathways for 3Ј tail removal indicated for short (fewer than 30 nucleotides) 3Ј tails or in situations with only one nonhomologous 3Ј tail (7, 28) . We note that in our experimental systems, only one long nonhomologous 3Ј tail is formed per annealing of the oligonucleotide to the end of a DSB, and the nonhomologous tail on the other side can be very short (just 9 nucleotides of the I-SceI site).
Because of the large impact of the yeast RAD52 gene, we investigated whether the SSA function of the human Rad52 protein could also be characterized in our system. Amino acid homology between S. cerevisiae Rad52 and other eukaryote homologs in the N-terminal regions (27) suggests functional similarity. Since the human N-terminal domain of Rad52 corresponding to amino acids 1 to 209 can promote single-strand annealing in vitro (35), we asked if these same 209 residues of human Rad52 isoform ␣ could enable oligonucleotide repair of a DSB in yeast. This sequence was placed under the GAL1 promoter on an episomal plasmid containing the nourseothricin selectable marker (12) in the ⌬rad52 mutant. Galactose induction results in both the expression of the human protein and the generation of a DSB at the I-SceI site within the TRP5 gene. After transformation with single-strand oligonucleotides, cells were plated to YPGal medium containing nourseothricin in order to maintain the expression of the rad52 allele and selection for the plasmid. Colonies formed on these plates were replica plated to Trp Ϫ plates to select for the oligonucleotide repair events.
As shown in Table 4 , the overexpression of the human Rad52 N-terminal domain resulted in significant albeit limited levels of repair by the single-strand oligonucleotides. Moreover, we show that such repair mediated by the human Rad52 N-terminal domain is similar to repair mediated by the truncated yeast protein in that it is independent of Rad51 and partially dependent on Rad59. Our results with the human Rad52 isoform ␣ containing the N-terminal 209 residues provide the first direct evidence for human Rad52 SSA activity in vivo. We conclude that the oligonucleotide DSB repair system we developed can serve as a sensitive genetic assay for detecting single-strand annealing capacity that can be extended to a variety of Rad52 homologs with potential SSA function.
The Rad52 SSA oligonucleotide pathway for DSB repair is an efficient alternative to repair via strand invasion. The enhanced DSB repair by SSA with oligonucleotides in the rad51 strand invasion mechanism mutants (Table 2) demonstrates that this mechanism involving simple annealing of short Tables S1 and S2 in the supplemental material. ND, not determined.
b Statistically significant decrease or increase over the WT based on nonoverlapping 95% confidence intervals. Plasmid transformation frequencies are reduced about twofold in rad51, rad59, and rad51 rad59 and three-to fourfold in rad52, rad52 rad51, and rad52 rad59 mutants. When the frequencies of oligonucleotide targeting are normalized by plasmid transformation frequencies, their values remain different from that of the WT (statistically significant; data not shown).
c Mutant alleles of RAD52 defective in Rad51 interaction that contain a Cterminal deletion from amino acids 328 (rad52-32) and 409 (rad52-408). stretches of complementary DNAs can be highly efficient.
Since only 30% of molecules have the DSB (Fig. 1A) , in some cases repair could be accomplished through strand invasion of a sister chromatid that has vastly greater homology on both sides of the DSB. A lack of Rad51 would leave only the SSA oligonucleotide mechanism of repair. To establish that oligonucleotide-mediated repair can substitute for a strand invasion mechanism, RAD ϩ and rad51-null diploids that had the I-SceI DSB-generating cassette in the TRP5 gene on chromosome VII (37) (Fig. 2A) . The SSA repair would simultaneously result in CORE loss, as would recombination with the homolog, or complete loss of the broken chromosome. Repair by NHEJ or by strand invasion with the sister chromatid would not result in loss of the CORE.
As previously reported (37), the efficiency of DSB repair (frequency of Trp ϩ ) by a mix of e and f oligonucleotides in wild-type diploid cells was 30-fold less than that for recombinational repair with the homologous chromosome (CORE loss only) (Fig. 2B) . The frequency of Trp ϩ transformants with e, f, or both e and f oligonucleotides was 9-to 40-fold less than that in a haploid wild-type parent (compare Fig. 2B with Table S1A in the supplemental material for single oligonucleotides and with Table 1 in reference 37 for the mixed oligonucleotides). However, the deletion of the RAD51 gene in the diploid strain resulted in a 15-to 30-fold increase in Trp ϩ colonies compared to that in the RAD ϩ strain. Interestingly, the frequency of Trp ϩ transformant colonies in the rad51 diploid cells was comparable to that found in the haploid rad51 mutant. There was no detectable loss of viability in the rad51 mutant cells (16% in rad51 versus 15% in wild-type cells, with or without oligonucleotides). Therefore, the increase in frequency of Trp ϩ colonies reflected the increase in efficiency of oligonucleotidemediated DSB repair. The higher repair efficiency with the combined e and f oligonucleotides than with the individual e and f oligonucleotides in the wild type and rad51 mutant (for details, see reference 37) is likely due to simultaneous annealing of complementary oligonucleotides to both sides of a DSB and/or to the formation of duplex oligonucleotide DNAs, which would be more resistant to degradation.
These results suggest that the presence of a homologous chromosome in the wild-type diploid cells provides an alternative pathway for the DSB repair, an option not available in the rad51 cells. Possibly, the opportunity to recombine with a homologous chromosome prevents additional rounds of cutting that might occur following repair between sister chromatids, thereby reducing the availability of a DSB for repair by the oligonucleotides. The increase in the frequency of oligonucleotide-targeted repair events in the absence of Rad51 could also be explained by Rad51 preventing oligonucleotide-directed annealing to ssDNA. We conclude that the Rad52 SSA oligonucleotide pathway for DSB repair is an efficient alternative to repair via strand invasion.
We note that SSA repair by an oligonucleotide(s) corresponded to at least 80% of the CORE loss events in the rad51 diploid (Fig. 2B , see the table under the graph). The CORE loss colonies that are also Trp Ϫ may be due to oligonucleotidemediated repair with oligonucleotides that have mutations in the TRP5 sequence (37, 39) and/or to loss of the CORE markers independently from the oligonucleotides (e.g., deletion of the CORE region followed by telomere addition or chromosome fusion).
It is interesting that there is an overall reduction (as much as 80-fold) in the category of events in rad51 diploids that are due to only CORE loss. This is consistent with most CORE loss events in wild-type cells arising by strand invasion with the homologous chromosome. If in the absence of repair (strand invasion or SSA) the broken chromosome VII is lost, this either is a low-frequency event or leads to greatly reduced colony formation among cells with a DSB. (Note that a DSB occurs in ϳ30% of cells.)
Oligonucleotide targeting to a DSB requires single-strand ends. The role of ssDNA at the DSB ends during repair by an oligonucleotide could be addressed by comparing the genetic requirements for the repair of a hairpin-capped break associated with IRs (break with closed ends) versus the repair of an I-SceI-induced DSB (break with open ends). The IR-associated closed ends must be cut by the Mre11-Rad50-Xrs2 (MRX) complex in order to serve as a recipient for repair utilizing an unbroken chromosome (22) . The I-SceI break results in four-base, 3Ј OH overhangs (4, 31) and is available for 5Ј resection. As shown in Table 5 , repair of the IR-associated DSB is reduced over 100-fold in cells lacking the MRX complex. This contrasts with the modest (two-to fivefold) reduction in repair of the I-SceI break, consistent with our previous results (22) . Thus, efficient DSB repair by a single-strand oligonucleotide requires DSB ends capable of forming singlestrand regions. The single-strand ends could be created via resection or unwinding. The hairpin structures not only would prevent resection but also may impede the unwinding of the DNA ends to generate ssDNA regions. Strand-biased oligonucleotide targeting to a site distant from a DSB. As we previously demonstrated, a DSB can be repaired by oligonucleotides with homologies to sequences of up to 16 kb from the broken ends, suggesting that a DSB activates a large region for SSA recombination (37) . It is also known that a DSB can stimulate triparental recombination, promoting efficient gene conversion of a locus distant from the break in yeast diploid cells (32) . We hypothesize that in our system, such stimulation occurs via SSA. This is supported by the observation that in the absence of RAD51, there was a 3.7-fold increase in repair frequency by single-strand oligonucleotides capable of generating a 16-kb deletion around the DSB (data not shown). These results in combination with the requirements for repair of the open versus the hairpin-closed DSB ends led us to propose that recombination distant from the DSB might be due to the appearance of ssDNA. This, in turn, predicts that ssDNA formed on either side of a DSB increases the likelihood of targeting oligonucleotides complementary to only one side of a break.
To test the idea of DSB-stimulated targeting to one side of a break, we initially constructed two diploid strains (Fig. 3A) , where one chromosome VII contained a mutated TRP5 gene inactivated by a 31-base frameshift insertion (TRP5::ins31) and (Fig. 2) . The second copy of chromosome VII contains a TRP5 locus that has been inactivated by a 31-bp frameshift insertion and a CORE-I-SceI cassette that can generate a DSB either 10 kb upstream or 10 kb downstream of the TRP5::ins31 site. The oligonucleotides e and f can restore the Trp ϩ phenotype. The intact copy of chromosome VII can provide a template for the repair of the DSB as described for the experiments illustrated in Fig. 2. (B :ins31 with DSB induction (7 h in galactose) (dark gray bars) and without DSB induction (light gray bars) at a position 6, 10, or 20 kb upstream or 10 kb downstream from TRP5::ins31. Also included were 0.33 nmol of the repair oligonucleotide R1 and 0.33 nmol of R2 to repair the induced DSB. The frequency of CORE marker loss events due to the addition of R1 and R2 was about 1% of viable cells when a DSB was induced and ϳ0.001% of viable cells in the absence of DSB induction (not shown). The vertical light and dark gray bars correspond to the average values from three to six determinations; the ranges (error bars) identify the standard deviations. The striped bars show the number of Trp ϩ clones that were without CORE markers, and the percentages of these clones are shown at the right of each bar. Trp ϩ clones that were without CORE were detected only for cells with a DSB transformed with R1 or R2. (E) Number of Trp ϩ clones per 10 7 viable cells resulting from transformation with oligonucleotide e or f (0.5 nmol) alone or together with the repairing oligonucleotide R1 or R2 (0.5 nmol) after cells were grown in glucose (no DSB; light gray bars) or in galactose for 7 h (DSB; dark gray bars). The DSB was generated 10 kb upstream from TRP5::ins31 (see scheme in panel C). The frequency of CORE marker loss due to the addition of R1 or R2 was about 0.3% of viable cells in which a DSB was induced and ϳ0.0002% of viable cells in the absence of DSB induction (not shown). The vertical bars correspond to the average values from four determinations; the ranges (error bars) identify the standard deviations. The striped bars show the number of Trp ϩ clones that were without CORE markers, and the percentages of these clones are shown at the right of each bar. Trp ϩ clones that were without CORE were detected only for cells with a DSB transformed with R1 or R2.
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DSB REPAIR WITH SINGLE-STRAND DNA 7653 the other was the LEU2 replacement chromosome analogous to that presented in Fig. 2A . The frequency of TRP5::ins31 reversions to Trp ϩ was Ͻ10 Ϫ8 . The CORE-I-SceI cassette was placed 10 kb upstream of the TRP5::ins31 target in one diploid strain (FRO-888) and 10 kb downstream of TRP5::ins31 in the other diploid strain (FRO-897). The induced DSB led to a 20-to 60-fold increase in targeting (Trp ϩ ) to the distant TRP5::ins31 site (Fig. 3B) . We suggest that the homologous chromosome provided an opportunity for DSB repair in a manner similar to that for the experiments described in the legend for Fig. 2 , and this enabled the events targeted to the side to be recovered. If targeting to the side of the break is stimulated by strand-specific resection (i.e., the 5Ј to 3Ј resection) there should be a strand bias since only the oligonucleotide that is complementary to the remaining strand would enable recombination. Indeed, the bias was observed in favor of the oligonucleotide complementary to the strand expected to remain intact after resection (Fig. 3B) .
The findings for the diploid strains led us to examine the ability of a DSB to stimulate recombination at a distant site in yeast haploid cells under conditions where the DSB could be repaired directly. To further characterize resection and possible strand bias, we created a series of haploid strains (FRO-917) in which the CORE-I-SceI cassette, together with the I-SceI cutting site, was inserted ϳ6 (FRO-870), 10 (FRO-872), and 20 kb upstream (FRO-874) or 10 kb downstream (FRO-876) from the TRP5::ins31 locus (Fig. 3C) . Oligonucleotide e or f, together with a second pair of oligonucleotides referred to as repairing oligonucleotides R1 and R2 (Fig. 3C ) that would repair the DSB and delete the CORE-I-SceI cassette, was transformed into cells grown in glucose (i.e., no-break induction) or incubated for 7 h in galactose. As shown in Fig. 3D , glucose-grown cells exhibited comparable low frequencies of Trp ϩ transformants for oligonucleotide e or f in all strains. In contrast, break induction led to a large increase in targeting with a strong strand bias in favor of the oligonucleotide that is complementary to the strand with a 3Ј end if resection has occurred at the DSB. This was the f oligonucleotide when the break occurred upstream from the targeted TRP5::ins31 locus and was the e oligonucleotide for the downstream DSB. In the transformations where targeting to the side was stimulated by a DSB, the most Trp ϩ events were associated with CORE loss. The frequency of Trp ϩ events not associated with CORE loss was similar to the frequency of Trp ϩ events in the absence of a DSB (glucose). These findings are consistent with mechanisms that include the resection of a large region distant to the break during repair with oligonucleotides. Interestingly, the presence of only one of the repairing oligonucleotides, R1 or R2, was sufficient to enhance strandbiased targeting. There was an approximate 7.5-fold increase in Trp ϩ transformants with the f oligonucleotide ( Fig. 3C and E). However, there was no increased targeting by the e oligonucleotide.
The bias between oligonucleotides e and f in targeted recombination distant from the DSB suggests 5Ј resection (at least 20 kb) from the DSB, which is consistent with resection detected by physical means (13, 21) . Importantly, in every transformant that arose from a break that was repaired by an oligonucleotide(s) and in which there was oligonucleotide correction of sequence up to 20 kb away, the restoration of the ssDNA to the double-strand state must have occurred. The sufficiency of just a single R1 or R2 oligonucleotide to repair the resected DSB can be explained only if two separate SSA events lead to the recovery of Trp ϩ recombinants. These findings support the view that a DSB can be repaired by a ssDNA via a "template" mechanism, as discussed below (Fig. 4A) .
DISCUSSION
Single-strand DNA is formed during DNA replication, recombination, and repair. The ability to efficiently repair unique spontaneous and enzyme-induced DSBs with exogenously added single-strand oligonucleotides has provided opportunities to address minimal requirements for ssDNA in homologous recombination repair, characterize mechanisms of repair by SSA, and propose how SSA may play a more general role in DSB repair.
Mechanisms of DSB repair by single-strand oligonucleotides. Based on the following results, we concluded that SSA is the major mechanism of DSB repair by single-strand oligonucleotides: (i) only the SSA domain of Rad52 was required for repair; (ii) NHEJ functions were not required for repair; (iii) strand invasion functions mediated by RAD51, RAD55, RAD57, RAD54, and RDH54 were not required for repair and even inhibited repair by single-strand oligonucleotide; and (iv) repair with single-strand oligonucleotides required that the ends of the DSB be open for resection or unwinding since hairpin-capped ends of a DSB generated by a closely spaced IR were unable to serve as substrates for repair unless cleaved by the MRX complex.
The models previously proposed for oligonucleotide repair accommodated intermediate steps involving strand invasion and/or SSA (37) . The present findings exclude strand invasion in the repair process. Consistent with a proposed requirement that nonhomologous DNA tails must be removed from cDNA structures, the presence of the four proteins Rad1, Rad10, Msh2, and Msh3, which can function collectively as a "clippase," provides for more efficient repair with ssDNA (Table 3) .
The molecular models for repairing a DSB by ssDNA via SSA are presented in Fig. 4A and B. The models are based on "bridge" and "template" intermediates proposed previously (37) . Each model of DSB repair by ssDNA invokes two SSA events. In the bridge model, the same oligonucleotide must anneal to each side of the break, whereas in the template model, the second annealing event involves pairing between the DNA copied from the oligonucleotide and a homologous sequence on the other side of the DSB. Since repair can occur with single-strand oligonucleotides having homology several kilobases away from the break, long stretches of ssDNA must be available for SSA. These can be created by 5Ј to 3Ј resection from the ends of DSBs. If both ends of a DSB are resected, only the template model can provide for repair by a singlestrand oligonucleotide.
We developed a novel system in which resection associated with DSB repair by single-strand oligonucleotides (R1 and/or R2) was assessed by the extent of strand bias in the targeting of a second single-strand oligonucleotide to a sequence distant from the DSB (Fig. 3C to E) . The bias as well as the ability to target and modify chromosomal DNA to one side of a DSB was observed over a large distance from the DSB (6 to 20 kb). Moreover, we found that regardless of which side of the DSB was repaired by a single repairing oligonucleotide, R1 or R2, there was a strong bias for targeting to the 3Ј strand, consistent with 5Ј end resection (Fig. 3E) . These results can be explained only by the template model (Fig. 4A) . In fact, all DSB repair by single-strand oligonucleotides in our experiments could be attributed to the template mechanism. The biased stimulation of single-strand oligonucleotide targeting to the side of a DSB could be used to determine the extent and polarity of resection under different physiological conditions, in different genetic backgrounds, and also in organisms other than yeast. Furthermore, our results may also have implications for experiments of gene targeting. The possibility of stimulating gene targeting with oligonucleotides or vectors at sites many kilobases away from a break may significantly expand the opportunity for genome modification and may lead to applications in organisms beyond yeast, including mammalian cells.
However, the bridge mechanism (Fig. 4B ) cannot be completely excluded. An analysis of CORE-I-SceI loss events, along with targeting to sites distant from the DSB, provides support for the bridge mechanism in at least some repair events. After DSB induction, 0.3% of all viable cells experienced CORE-I-SceI loss as a result of R1 or R2 targeting (Fig.  3E ). Yet, 6 to 13% of Trp ϩ colonies lost the CORE markers when cells were transformed with e and R1 or with e and R2 (Fig. 3E ) (note that e is complementary to the 5Ј strand at the DSB). This frequency of CORE marker loss events among the Trp ϩ is at least 20-fold higher than that predicted for random CORE marker loss and Trp ϩ coincident events. As expected for cells grown in glucose (i.e., no DSB induction), there was no loss of CORE markers among the Trp ϩ clones. These results indicate that targeting to one side of a break can also occur on the 5Ј strand. In the framework of the template model, this could occur if (i) the 3Ј end of a break anneals with the complementary repairing oligonucleotide (R) and extends on it and (ii) there is unwinding in the targeted TRP5::ins31 region so that targeting to the 5Ј strand can be stimulated. Alternatively, targeting to the 5Ј strand can be explained by a bridge model for SSA across a DSB where the repairing oligonucleotide anneals to both sides of a break. The choice between the two mechanisms, bridge versus template, in repair by a single-strand oligonucleotide might be a function of the extent of 5Ј end resection, where rapid and extensive resection would favor the template model.
Biological relevance of DSB repair via multiple rounds of strand annealing. Using single-strand oligonucleotides, we showed that a single-strand DNA molecule can mediate the VOL. 26, 2006 DSB REPAIR WITH SINGLE-STRAND DNA 7655
repair of broken chromosomal ends via two SSA events. Sequences at the broken chromosomal ends are patched precisely in that the sequences in the oligonucleotides determine the joining (breakpoint) in the repaired chromosome. SSA between direct repeats is generally considered a nonconservative mechanism of DSB repair because of the loss of intervening material (44) . However, if the sequence carried by the singlestrand oligonucleotide exactly matches the ends of the DSB, the SSA-mediated repair would be conservative (i.e., restore broken DNAs as they were before the damage), even in cases when the resected single-strand regions extended for several kilobases.
Our findings not only are relevant to exogenously added ssDNAs but also provide a model for the repair of DNAs that experience two or more closely spaced DSBs. A high density of DNA lesions caused by ionizing radiation can result in clustered DSBs (42) . For example, clustered DSBs can be directly induced by high-linear energy transfer radiation generating short DNA fragments (as close as 0.1 to 2 kb) (reference 34 and references therein). In addition, closely opposed cytologically detected chromatid breaks (isochromatid breaks) are frequently observed after exposure to high-linear energy transfer radiation. In human fibroblasts, the rejoining of these isochromatid breaks occurs quickly and leads to the appearance of slower kinetics for chromatid-type break rejoining (for details, see reference 15). In situations of closely opposed DSBs on homologous molecules, recombinational repair via strand invasion may be excluded since resection would progressively convert DNA in the region of the breaks to single strands (Fig.  4C) . In fact, the DSBs could even be rather distant. For example, DSBs separated by many kilobases could become refractory to the strand invasion mechanism in a short time given the reported resection rate in yeast of 4 kb/h (41) .
As demonstrated by our experiments with single-strand oligonucleotides in diploid cells (Fig. 2) , SSA can provide a good alternative to the strand invasion mechanism of recombinational repair. We suggest that closely spaced chromosomal DSBs in sister chromatids or even homologous chromosomes that cannot be repaired by strand invasion because of resection could be efficiently and accurately repaired through the multiple events described in the template model for SSA. The minimal region of homology for SSA repair has not been determined directly. However, we found that an oligonucleotide with a 10-base homology to one side of a break could participate in repair (37) , suggesting that closely opposed DSBs could be repaired, even when the distance between them is very small. The model for ssDNA repair of a break through rounds of SSA could also be applied to the repair of just two closely opposed breaks in sister chromatids or homologous chromosomes (Fig. 4D) through resection, association of 3Ј ends, replication, and reannealing of fragments.
Along this line, the bacterium Deinococcus radiodurans can tolerate high doses of ionizing radiation that result in hundreds of genomic DSBs (8) . These bacteria are able to quickly rejoin many DSBs within the first 1.5 h following irradiation by a recA-independent (i.e., Rad51-strand invasion independent) recombination mechanism (10) , and the repair can occur without induction of genomic deletions, insertions, or rearrangements (43) . We suggest that the repair model via rounds of SSA for clustered chromosomal DSBs involving extensive resection ( Fig. 4C and D) can explain the recA-and NHEJindependent repair in D. radiodurans. In general, the conservative DSB repair by SSA described here operates with a minimum number of recombination-associated functions and it could provide genome integrity under conditions of extensive damage, including high levels of DSBs.
